Amyloids have been identified as functional components of the extracellular matrix of bacterial biofilms. Streptococcus mutans is an established aetiologic agent of dental caries and a biofilm dweller. In addition to the previously identified amyloidogenic adhesin P1 (also known as AgI/II, PAc), we show that the naturally occurring antigen A derivative of S. mutans wall-associated protein A (WapA) and the secreted protein SMU_63c can also form amyloid fibrils. P1, WapA and SMU_63c were found to significantly influence biofilm development and architecture, and all three proteins were shown by immunogold electron microscopy to reside within the fibrillar extracellular matrix of the biofilms. We also showed that SMU_63c functions as a negative regulator of biofilm cell density and genetic competence. In addition, the naturally occurring C-terminal cleavage product of P1, C123 (also known as AgII), was shown to represent the amyloidogenic moiety of this protein. Thus, P1 and WapA both represent sortase substrates that are processed to amyloidogenic truncation derivatives. Our current results suggest a novel mechanism by which certain cell surface adhesins are processed and contribute to the amyloidogenic capability of S. mutans. We further demonstrate that the polyphenolic small molecules tannic acid and epigallocatechin-3-gallate, and the benzoquinone derivative AA-861, which all inhibit amyloid fibrillization of C123 and antigen A in vitro, also inhibit S. mutans biofilm formation via P1-and WapA-dependent mechanisms, indicating that these proteins serve as therapeutic targets of anti-amyloid compounds.
INTRODUCTION
The concept of pathogenic amyloid was historically established in the context of neurodegenerative diseases [1] ; however, functional amyloids have now been identified in organisms ranging from bacteria to humans [2, 3] . Amyloid represents a fibrous cross-b sheet quaternary structure of ordered peptide or protein aggregates that demonstrate common biophysical properties [4] . Functional amyloids exhibit the same biophysical characteristics as pathogenic amyloids, including binding of the amyloidophilic dyes thioflavin T (ThT) and Congo red (CR) and characteristic coloured birefringence when stained with CR and viewed under cross-polarized light [5] . When viewed by electron microscopy (EM), amyloid fibres are 5-13 nm in diameter and range in length from a few nanometers to several micrometers [6] . In their native environments, bacteria tend to exist in biofilms where they are encased in an extracellular matrix (ECM) of their own making. Over 40 % of biofilm organisms are estimated to produce amyloids [7] . The list of bacterial proteins that form functional amyloids is growing and includes the curli fibers of Escherichia coli and Salmonella sp. [8] , the phenol-soluble modulins (PSMs) and the Bap protein from Staphylococcus aureus [9, 10] , FapC from Pseudomonas aeruginosa [11] and TasA from Bacillus subtilis [12, 13] .
Amyloidfibres are reported to have the tensile strength of steel and are resistant to degradation by proteases and detergents. It is believed that these amyloid characteristics contribute to biofilm architecture and integrity [3] . Identification of amyloid-forming proteins and molecules that inhibit their fibrillization therefore represents a promising avenue for effective therapeutic intervention against biofilm-dwelling organisms [8, 14] . Numerous small polyphenol molecules have been studied as drug candidates due to their capacity to inhibit fibril formation, particularly of neuropathogenic amyloid proteins [15, 16] . More recently, two additional small molecule amyloid inhibitors, AA-861, a derivative of benzoquinone and parthenolide, a sesquiterpene lactone, were shown to inhibit biofilm formation by B. subtilis, Bacillus cereus and E. coli and also inhibited fibrillization of their respective amyloid-forming proteins in vitro [14] . In addition, the polyphenolic compound, tannic acid (TA), has been shown to inhibit biofilm formation by S. aureus [17] .
Streptococcus mutans, an established aetiologic agent of dental caries [18] , is a quintessential biofilm dweller. We showed previously that amyloid is produced by laboratory and clinical strains of S. mutans, and is detectable in dental plaque [19] . Furthermore, a known inhibitor of amyloid fibril formation, epigallocatechin-3-gallate (EGCG), inhibits S. mutans biofilm. Our initial work identified adhesin P1 (Ag I/II, PAc) [20] as an amyloidogenic protein; however, S. mutans lacking P1 demonstrates residual amyloid-forming properties, indicating there are others. While secreted proteins present in the culture supernatant of a P1-deficient mutant can be triggered by mechanical agitation to form amyloid in vitro, a mutant lacking sortase, the transpeptidase that covalently links full-length P1 and several other proteins to the cell wall peptidoglycan, is defective in amyloid formation within biofilms [19] . These findings suggest a potential nucleation requirement at the surface of biofilm-grown cells, and that other amyloidogenic proteins may also be sortase substrates.
In the current study, we identified S. mutans wall-associated protein A (WapA) and an uncharacterized secreted protein, SMU_63c, as capable of amyloid fibrillization. We also determined that the naturally occurring C-terminal breakdown product of P1 (C123), known originally as antigen II (AgII) [21] , represents the amyloidogenic moiety of P1. Immunogold electron microscopy (EM) experiments employing specific antibodies identified all three amyloidogenic proteins within the fibrous structure of the ECM of biofilms. We further demonstrate that amyloid inhibitors, including the polyphenolic small molecules TA and EGCG, as well as the benzoquinone derivative AA-861, inhibit amyloid fibrillization of C123 and antigen A (AgA) in vitro, as well as biofilm formation by S. mutans via P1-, WapA-and, to a lesser extent, SMU_63c-dependent mechanisms.
METHODS
Bacterial strains and growth conditions S. mutans serotype c strains NG8 and UA159 were used in this study. The P1-deficient mutant PC3370 [22] was used to identify non-P1 amyloid-forming proteins. Gene-deletion mutants were generated in both NG8 and UA159 backgrounds. The bacterial strains used in this study are listed in Table S1 (available in the online Supplementary Material). S. mutans was grown in either Todd-Hewitt yeast extract (THYE) (Beckton, Dickinson and Co., Sparks, MD), chemically defined medium (CDM-glucose) [23] , biofilm medium (BM) [24] containing either glucose or sucrose or both, or Terleckyj-defined medium (TDM-glucose) [25] in 5 % CO 2 at 37
C. E. coli strains DH5a and Top10 (Invitrogen, Life Technologies) were used for plasmid preparation and purification. Strains BL21 Star (DE3) (Invitrogen, Life Technologies) and VS39 [26] were used for protein expression.
Fractionation of secreted proteins from PC3370
Cells from a stationary phase PC3370 culture grown in TDM (glucose) were removed by centrifugation and spent medium (containing 0.1 % NaN 3 ) was filtered through a 0.2 µm Rapid-Flow Nalgene filter (Thermo Scientific), concentrated 100-fold using an Amicon stirred cell concentrator (EMD Millipore) with a 10 kDa cut-off membrane (Amicon Ultrafiltration Disc, Millipore Cat. no. 13642), followed by dialysis into 25 mM Tris buffer, pH 8.0. Proteins were fractionated by ion exchange chromatography on an ÄKTA Purifier system (GE Healthcare) using a 5 ml HiTrap DEAE FF column (GE Healthcare) with 25 mM Tris, pH 8 as the binding/wash buffer and 25 mM Tris, 1M NaCl, pH 8 as the elution buffer.
ThT fluorescence assays
The ThT fluorescence assays were performed as described previously [19] with slight modifications. Aliquots (250 µl) from either concentrated dialyzed S. mutans spent medium, ion-exchange fractions derived from spent medium, or purified recombinant proteins (~1 mg ml
À1
) were stirred at 4 C in a 1.5 ml Eppendorf tube using a 10Â3 mm micro stir bar (Fisher Scientific) for 3-5 days on a Fisher Scientific Isotemp stir plate at the highest setting. For evaluation of amyloid inhibition by TA, AA-861, EGCG or parthenolide, the purified proteins were stirred in the presence of the inhibitor at the stated inhibitor concentration. AA-861 was dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock, EGCG was dissolved in PBS (potassium phosphate buffer, 20 mM, pH 7.2, sodium chloride, 0.9 %, w/v) as a 10 mM stock, TA was dissolved in 95 % ethanol as a 10 mM stock, and parthenolide was dissolved in DMSO as a 10 mM stock. Single-use aliquots of AA-861, EGCG and parthenolide were stored at À20 C. TA was made fresh for each use, and the tubes were wrapped in aluminum foil to protect the TA from light. For ThT measurements, ThT was added to 200 µl of stirred or unstirred protein samples for a final ThT concentration of 2 µM, vortexed for a few seconds and pipetted onto 96-well all-black flat-bottom Microfluor plates CR birefringence assay CR birefringence was evaluated as described previously [19] . Protein samples were stirred as for the ThT assay, and 50-100 µl of the aggregated samples were pelleted in a microcentrifuge at maximum speed. Pellets were resuspended in 10 µl of CR solution and incubated for 30-60 min at room temperature. Visualization was done using a Zeiss Scope A1 equipped with a computer-controlled ProgRes C5 Jenoptik inverted camera equipped with cross-polarized filters.
Mass spectrometric identification of potential amyloid-forming proteins Ion-exchange fractions were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and the major bands were excised and sent to the proteomics facility of the Interdisciplinary Center for Biotechnology Research of the University of Florida for liquid chromatography-mass spectrometry (LC-MS) analysis and protein identification. S. mutans proteins with a predicted secretion signal sequence were considered for further evaluation.
Cloning, expression and purification of recombinant proteins The SignalP 4.1 prediction tool [27] was used to predict the signal sequence cleavage sites of GbpA, GbpC, WapA, GtfC, SMU_63c and SMU_2147c. Genes encoding each protein were PCR-amplified, omitting the signal sequences, using S. mutans UA159 genomic DNA as template. PCR primers and their corresponding restriction sites are listed in Table S2 . Details of the cloning experiments, expression and purification of recombinant proteins are found in the supplementary information.
Generation of anti-SMU_63c and anti-AgA polyclonal antibodies Polyclonal rabbit antisera were raised against purified recombinant AgA and SMU_63c using the services of Lampire Biological Laboratories, Everett, PA. Specificity was confirmed by ELISA and Western blot analysis.
Biofilm production and inhibition Biofilm production was analysed using a 96-well plate assay employing crystal violet (CV) staining and spectrophotometry as described previously [19, 28] . The BM [24] contained 0.8 % sucrose, or 0.8 % glucose, with the indicated inhibitors or solvent-only controls.
EM
Transmission electron microscopy (TEM) analysis of aggregated recombinant proteins was done as previously described [19] using a 400-mesh formvar-carbon coated grid, FCF400-Cu-UB (Electron Microscopy Sciences, Hatfield, PA) stained with 1 % uranyl acetate for 30 s. Imaging of P1-A3VP1, GbpA, SMU_63c and SMU_2147c was done on a Hitachi H-7000 transmission electron microscope (Hitachi High Technologies America, Schaumburg, IL) with digital images acquired using a Veleta 2kÂ2k camera and iTEM software (Olympus Soft-Imaging Solutions, Lakewood, CO). TEM imaging of P1-C123, GtfC and AgA was done on a Tecnai G2 Spirit Twin (FEI, Hillsboro, Oregon) with digital images acquired using a Gatan UltraScan 2kÂ2k camera and Digital Micrograph software (Pleasanton, CA).
Analysis of S. mutans biofilms was done by field emissionscanning EM (FE-SEM) as previously described [29, 30] . The BM contained 16 mM glucose and 4 mM sucrose, with or without 10 µM TA or 50 µM AA-861, or the corresponding ethanol or DMSO solvent controls. Biofilms were grown on vertically deposited hydroxylapatite (HA) disks in 12-well culture plates (Corning, New York) for 24 h [31] , and analysed using a Hitachi 4800 field emission-scanning electron microscope (Hitachi, Tokyo, Japan) under 5 kV accelerate voltage.
RESULTS
Screening for non-P1 amyloid-forming proteins To identify non-P1 amyloid-forming proteins, extracellular proteins from a P1-deficient S. mutans mutant were harvested and fractionated by ion-exchange chromatography. Five distinct peaks were observed (not shown). Aliquots from pooled fractions corresponding to each peak, as well as the flow-through containing unbound proteins, were mechanically agitated (stirred) to facilitate nucleation and amyloid aggregation and tested for ThT binding. Pooled fractions corresponding to three of the five peaks demonstrated a significant increase in ThT fluorescence upon stirring (Fig. 1a ). Stirred samples that tested positive for ThT-binding also exhibited CR-induced birefringence (not shown). Corresponding unstirred ion-exchange fraction samples were analysed by SDS-PAGE (Fig. 1b) . Major bands from the samples with and without a substantial increase in ThT fluorescence after stirring (Fig. 1a, b) were excised for LC-MS analysis and protein identification. The proteins identified were: glucan binding protein A (GbpA), GbpB, WapA, b-D-fructosyl transferase (b-DFT), glucosyltransferase C (GtfC), SMU_2147c and SMU_63c (Table S3 ). All are secreted proteins with predicted signal sequences. b-DFT was present in almost all fractions, but was most abundant in fractions with little or no ThT binding activity (A8/A9). Of the proteins identified, WapA was the only additional sortase substrate.
Purification and in vitro characterization of potential amyloid-forming proteins Genes encoding GbpA, GtfC, SMU_63c, SMU_2147c and WapA [specifically the natural truncation polypeptide corresponding to antigen A (aa 30-323)] [32, 33] , were cloned and expressed in E. coli and the recombinant proteins were purified and confirmed by SDS-PAGE (Fig. 1c) . Because an S. mutans sortase-deficient mutant is defective in amyloid formation [19] , an additional sortase substrate, GbpC, which was not identified in our initial screen but demonstrated high amyloid prediction scores by computational analyses [34, 35] , was also evaluated in these experiments. Unlike the proteins listed above, for which little structural information is available at present, the complete tertiary structure of P1 has been modelled based on crystal structures of several partial polypeptides [36] [37] [38] . Importantly, it is now recognized that the C-terminal region of P1 exists in two separate forms: firstly, in the context of the full-length molecule where it is positioned in proximity to the cell wall, and secondly, as a naturally processed and isolated C123 polypeptide that associates with covalently attached fulllength P1 on the cell surface [39] . Two previously described recombinant polypeptides, A3VP1 and C123, each of which contains one of P1¢s two b-rich globular regions, were evaluated in the current study for independent formation of amyloid fibrils.
We found previously that A3VP1 and C123 both exhibit measurable increases in ThT uptake after stirring at neutral pH [19] , hence these polypeptides were included as controls. Similar to P1-A3VP1 and C123, GtfC and AgA exhibited a notable increase in ThT fluorescence when stirred at pH 8, whereas the other proteins tested, including GbpA, GbpC, SMU_63c and SMU_2147c, did not (Fig. 1d) . Considering that S. mutans produces large quantities of organic acids (acidogenicity), and can survive and thrive at low pH (aciduricity) [40] , we also evaluated induction of 
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AgA (WapA) aggregation at pH 4. A3VP1, C123, GtfC and AgA also demonstrated ThT uptake following stirring at pH 4, albeit less than when stirred at pH 8. GbpC did not exhibit ThT uptake at either pH, while GbpA showed a slight uptake of ThT at both pH 4 and 8. SMU_63c demonstrated obvious ThT uptake at pH 4, but not at pH 8, and also demonstrated uptake of ThT at pH 4 even when the protein was not stirred.
To confirm whether aggregated proteins that tested positive in the ThT uptake assay were amyloid-like in nature, the samples were also analysed using a more specific indicator, CR-induced birefringence. When stirred at pH 8, and to a lesser extent when stirred at pH 4, aggregated C123 and AgA exhibited orange or bright yellow-green birefringence when observed under cross-polarized filters (Fig. 2 ). SMU_63c also exhibited bright green birefringence, but only when tested at pH 4. In contrast, A3VP1 did not exhibit birefringence when tested at either pH. The stirred GbpA, GtfC and SMU_2147c samples were also negative for CR-induced birefringence (Fig. S1 ). GbpC also did not demonstrate detectable CR-induced birefringence upon stirring (not shown).
Visualization of amyloid fibrils by TEM
To visualize the amyloid fibrils, or lack thereof, samples were also analysed by TEM ( Fig. 2 and S1 ). We showed previously by TEM that full-length P1 forms amyloid fibrils [19] . In the current study, we also investigated whether either A3VP1 or C123 could form fibrils independently. Confirmative of the CR-induced birefringence results, we observed characteristic amyloid fibrils, ranging from~7 to 12 nm wide, in the aggregated C123, AgA and SMU_63c samples (Fig. 2) . The fibrils ranged in length from~15 nm to several micrometers and appeared most abundantly in the AgA sample. The C123, SMU_63c and AgA fibrils also appeared to assemble into higher-order structures~90-150 nm wide. Also consistent with the CR birefringence results, the aggregates formed by A3VP1 (Fig. 2) , GbpA, GtfC and 2147c (Fig. S1 ) were amorphous and non-fibrillar. Although positive in the ThT uptake assay, neither A3VP1 (Fig. 2) nor GtfC (Fig. S1 ) displayed detectable fibrils by TEM or demonstrated CR-induced birefringence, underscoring the importance of confirming amyloid formation by means other than dye-uptake screening assays. TEM analyses also suggested the presence of nonfibrillar aggregates in the stirred AgA, SMU_63c and C123 samples. Amyloid fibrils are insoluble in SDS, therefore stirred samples of C123 and AgA were boiled in 2 % SDS and analysed by SDS-PAGE to estimate the proportion of amyloid present (not shown). By densitometry comparison to unstirred samples,~40-50 % of the stirred C123 and AgA proteins were solubilized by boiling in SDS and able to migrate into the gel. Therefore, the insoluble amyloid fraction represented~50-60 % of the total protein in the stirred samples.
To further evaluate the monomeric-to-amyloid transition in the stirred samples, far-UV circular dichroism (CD) was used to assess potential conformational changes upon fibrillization (Fig. S2) . The non-amyloidogenic polypeptide A3VP1 displayed a CD spectrum indicative of both bsheet and a-helical content at pH 8. This did not change upon stirring. At the non-amyloidogenic pH of 8, both unstirred and stirred SMU_63c samples displayed a CD spectrum indicative of a-helical content. However, at the amyloid-promoting pH of 4 there was a pronounced change in the CD spectrum of SMU_63c, indicating a conformational change to a predominantly b-sheet structure. When stirred at the pH shown in the other experiments described above to support amyloid formation, each S. mutans amyloid-forming protein demonstrated a change in its CD spectra.
Effect of gene deletions on biofilm formation and architecture Given the clear ability of P1, AgA and SMU_63c to form amyloid in vitro, the genes encoding them were deleted individually and in combination to generate a panel of single, double and triple mutants. Gene deletions were confirmed by DNA sequence analysis and Western blot analysis of SDS extracts of S. mutans whole cells (Fig. S3a ). P1 and SMU_63c migrated at the appropriate sizes (185 and 75 kDa, respectively) in those strains still containing the corresponding gene. SMU_63c has a theoretical molecular mass of 59 kDa, although SDS-PAGE (Fig. 1c) and Western blot analysis (Fig. S3a) showed that both recombinant and native proteins migrate as a~75 kDa band. As stated above, WapA exists in both an unprocessed form that migrates at 75 kDa, and as a truncated amino-terminal AgA fragment (32 kDa) [32] that corresponds to the recombinant polypeptide used in the current study. Deletion of one, two or all three genes encoding the amyloid-forming proteins did not significantly affect planktonic growth of S. mutans in the presence (not shown) or absence ( Fig. S3b ) of oxygen.
S. mutans biofilm formation is mediated by both sucrosedependent and independent mechanisms [18, 41] . Biofilm development of the WT and mutant strains was quantified by CV staining and spectrophotometry [28] (Fig. 3a) . When S. mutans was grown in a BM containing glucose as the sole carbon source, the single spaP and wapA deletion mutants produced significantly less biofilm compared to the WT strain. The effect of elimination of these amyloid-forming proteins was even more pronounced in the DspaP/DwapA double-deletion strain and the DspaP/Dsmu_63 c/DwapA triple-deletion strain. In contrast to deletion of spaP or wapA, deletion of smu_63c resulted in a slight increase in biofilm production compared to the WT strain. In addition, deletion of smu_63c in combination with spaP or wapA rescued the spaP and wapA deletion phenotypes, resulting in biofilm production comparable to WT levels. As mentioned above, P1 and WapA are both sortase substrates. An S. mutans mutant lacking srtA demonstrated diminished biofilm formation comparable to mutant strains lacking both P1 and WapA. In contrast, when the cells were grown in a BM containing sucrose as the sole carbon source, the effects of elimination of the amyloid-forming proteins were masked by glucan production, resulting in no significant differences in biofilm accumulation among the different strains, except when glucan production was disrupted by deletion of the genes encoding the glucosyl transfer enzymes glucosyltransferase B, C and D (DgtfBCD) (Fig. 3b) .
FE-SEM was used to evaluate the effects of the various gene deletions on biofilm formation and structure on hydroxyapatite discs. As expected, biofilms of the single spaP and wapA deletion mutants appeared to have fewer cells, when compared to the WT (Fig. 3c) . Such decreases of cellular accumulation were more evident in the DspaP/DwapA and DspaP/D smu_63 c/DwapA mutants, which further corroborated the results of the CV assays. We also observed a pronounced and unexplained increase in the non-cellular content of the DwapA mutants. It had been reported previously that deletion of wapA causes impaired biofilm formation [42] . Our current observations reiterate the importance of both P1 and WapA to biofilm production and architecture.
In contrast to the WT strain, deletion of smu_63c, singly or in combination with spaP or wapA, resulted in biofilms exhibiting a dense mass of cells piled on top of each other. There was no observable effect of smu_63c deletion on growth rate or final cell yield when S. mutans was grown in broth culture (Fig. S3b) . When the Dsmu_63c mutant was complemented by reintroduction of this gene into the chromosome, the biofilm cell density reverted to the WT phenotype (Fig. S4) . These results suggest that SMU_63c plays a role in the regulation of S. mutans cell density within biofilms where cell-cell or cell-surface interactions would occur. Interestingly, the hyper-density phenotype was only overcome when both spaP and wapA were also deleted in combination with smu_63c (triple mutant), which resulted in a biofilm with sparsely distributed cells.
Further evaluation of SMU_63c
SMU_63c has not yet been characterized. A protein BLAST analysis of its predicted amino acid sequence showed SMU_63c to be limited to a small subset of streptococcal bacteria. It is highly conserved, with 99-100 % identity in all S. mutans strains sequenced to date [43] . Additionally, SMU_63c-like proteins, ranging from 45 % to 76 % identity, were identified among S. macacae, S. criceti, S. sobrinus, S. gallolyticus, S. oligofermentas and S. salivarius. It is predicted by SignalP 4.1 to have a long N-terminal signal sequence of 49 amino acids. Topology analysis using TMPred (www.ch. embnet.org/software/TMPRED_form.html) predicts two to four transmembrane segments, but none were found using the TMHMM prediction tool [44] . Our experimental analysis showed that a significant amount of SMU_63c is released into the medium during planktonic growth, although some remains associated with the cell surface where it is extractable with SDS (Fig. S3a) .
Given that SMU_63c appears to regulate cell density within biofilms, we examined the context of smu_63c within the S. mutans genome. The gene is located directly downstream of the ComRS operon [45] , albeit in the opposite orientation (Fig. 4a) . It has been shown that deletion of comR or comS severely reduces transformation efficiency in S. mutans [45] . Considering the proximity of smu_63c to these competencerelated genes, we analysed the expression of smu_63c in response to the two peptide pheromones that trigger genetic transformation in S. mutans: synthetic competence-stimulating peptide (CSP) [46] or ComX-iducing peptide (XIP) [45] . RT-PCR analyses revealed that smu_63c expression is upregulated more than fourfold in THYE planktonic cultures treated with 0.4 µM CSP (Fig. 4b) , and approximately fiveand 10-fold in CDM (1 % glucose) planktonic cultures treated with 1 or 5 µM synthetic XIP, respectively (Fig. 4c) . Additionally, Western blot analysis showed that cells treated with 0.1 or 0.4 µM CSP had higher levels of SMU_63c in SDS extracts of whole cells compared to samples without CSP (Fig. 4d) . As expected, treatment with CSP did not lead to increased levels of WapA (Fig. 4f) or P1 (not shown). Western blot analysis also showed that concentrated spent medium from cells treated with 5 µM XIP had a threefold increase in SMU_63c compared to that from cells treated with 1 % DMSO solvent control or 1 µM XIP (Fig. 4e) .
We also measured transformation efficiency following addition of 0.8 µM CSP and found that the Dsmu_63c mutant was approximately threefold more competent than the WT strain (Fig. 4g ). This hyper-transformable phenotype was reversed when smu_63c (plus kan) was reintroduced into the Dsmu_63c mutant strain (Fig. 4g) . The transformation efficiency of the Dsmu_63c mutant containing the integration vector pBGK [47] (kan resistance) was not significantly different from that of the Dsmu_63c mutant with no kan resistance vector (Fig. 4g ).
Amyloid-forming proteins P1, WapA and SMU_63c are part of the biofilm matrices Immunogold-labelling TEM with a cocktail of three different anti-P1 monoclonal antibodies and polyclonal rabbit antisera against AgA and SMU_63c was used to characterize the amyloid proteins in the biofilms. When probed with anti-P1 and anti-AgA in a double-labelling assay, binding of both the anti-P1 and anti-AgA antibodies was clearly evident on the cell surface of the WT strain and within the aggregates of extracellular fibrous matrices (Fig. S5a) . However, little to no signal was observed in the biofilms of the DspaP/DwapA double-mutant negative control, which was treated in exactly the same way as the WT strain (Fig. S5b) . A high level of reactivity of the anti-SMU_63c rabbit antiserum was also observed in the extracellular fibrous matrix of the WT biofilms (Fig. S5c) . Little or no signal was observed with the Dsmu_63c mutant strain (Fig. S5d) .
Identification of amyloid inhibitors that impair S. mutans biofilm formation
We used the WT and the triple-deletion mutant to screen for inhibition of S. mutans biofilm formation by a panel of polyphenolic compounds known to inhibit fibrillization of pathogenic amyloids in vitro: curcumin, resveratrol, quercetin, epicatechin gallate (EGC), EGCG and TA [15] , as well as two additional molecules, AA-861 and parthenolide, that inhibit biofilm and amyloid formation by B. subtilis [14] .
Of all the compounds tested TA, EGCG and AA-861 had the most pronounced effects on S. mutans biofilm formation, with TA being the most potent S. mutans biofilm inhibitor identified so far. When grown in BM-glucose, biofilm production by the WT and Dsmu_63c single-deletion mutant strains was significantly inhibited by 5 µM TA compared to growth in the absence of inhibitor (Fig. 5a ). However, mutants lacking P1 (DspaP), WapA (DwapA) or both (DspaP/DwapA or DspaP/Dsmu_63c/DwapA), did not differ significantly in biofilm production when grown in the presence of 5 µM TA or absence of TA (Fig. 5a ). As shown earlier in Fig. 3(a) , when S. mutans is grown in BM-glucose, mutants lacking either P1 or WapA are significantly impaired in biofilm formation compared to the WT. In this study, we further found that in contrast to the WT and Dsmu_63c strains, the diminished biofilm produced by mutants lacking spaP and/or wapA is no longer susceptible to inhibition by 5 µM TA, suggesting that P1 and WapA serve as targets of this compound. Similar effects were observed with EGCG and AA-861 (Fig. S6a, b , respectively).
S. mutans possesses at least three Gtf enzymes that produce adhesive glucans with sucrose as substrate. This sucrosedependent pathway is known to play a central role in S. mutans biofilm formation and cariogenicity [48, 49] . When biofilms were grown in BM-sucrose, the Gtf- mediated inter-cellular adhesion and accumulation masked the effects of deletion of genes encoding the amyloid-forming proteins, resulting in no significant differences in total biofilm amount among the strains. Therefore, we next tested whether biofilms grown in sucrose were also susceptible to inhibition by TA and compared the effects of this compound on strains with and without amyloid-forming proteins. Five micromolar TA inhibited biofilm formation by the WT strain, and to a lesser extent the Dsmu_63c and DwapA mutants, during growth in BM-sucrose (Fig. 5b) . However, when spaP was deleted singly or in combination with wapA or smu_63c, or both, biofilm development of the mutant strains was significantly less sensitive to inhibition by 5 or 10 µM TA (Fig. 5b) . These results reiterate that P1 and WapA serve as targets of TA inhibition of S. mutans biofilm formation.
Biofilm production of the WT, Dsmu_63c and DwapA strains was almost completely inhibited by 50 µM EGCG, while inhibition of the DspaP and DspaP/Dsmu_63c mutants was significantly diminished (Fig. 5c ). The loss of sensitivity to 50 µM EGCG was further enhanced in mutants lacking both spaP and wapA (DspaP/DwapA and DspaP/Dsmu_63c/ DwapA). In contrast to the WT strain, mutants lacking both P1 and WapA produced biofilms even at the higher EGCG concentration of 100 µM, and the EGCG insensitivity was further amplified when smu_63c was deleted as well (Fig. 5c ). Taken together, these results suggest that P1 is a primary target of biofilm inhibition by EGCG, and that in the absence of P1, WapA (AgA) and SMU_63c appear to serve as secondary targets.
Biofilm formation by the WT strain and Dsmu_63c mutant was also significantly inhibited by 50 µM of AA-861 ( Fig. 5d) . In contrast, inhibition of biofilm formation by this concentration of AA-861 was significantly diminished in mutants lacking spaP or wapA, either singly or in combination. These results suggest that, similar to the results described above for TA, P1 and WapA can also serve as targets of biofilm inhibition by AA-861. However, unlike for TA, there was no additive effect in loss of sensitivity to AA-861 upon additional deletion of smu_63c; therefore, its protein product appears completely unaffected by this molecule. Lastly, despite parthenolide's anti-biofilm effect on B. subtilis and anti-fibrillization effect on TasA [14] , this molecule had no effect on S. mutans biofilm formation, even at concentrations as high as 600 µM (Fig. S6c) . All the amyloid inhibitors used above were tested to ensure that their mechanism of action did not involve a negative impact on cell growth (Fig. S7) .
FE-SEM analysis reveals effects of TA on biofilm architecture FE-SEM was used to visualize biofilms of the WT, DspaP, DwapA, DspaP/DwapA and DspaP/Dsmu_63c/DwapA strains grown in the presence and absence of 10 µM TA. WT cells treated with the 0.1 % ethanol diluent control produced biofilms containing cells that clumped together in a dense mass (Fig. 5e ), akin to those observed for the Dsmu_63c mutants (Fig. 3c) . It is not clear how ethanol causes an alteration of biofilm architecture, but it was recently reported that alcohols (ethanol and isopropanol) cause a similar increase in biofilm production by S. aureus [50] . Similar to the CV assay (Fig. 5a, b) , S. mutans WT biofilms grown in 10 µM TA demonstrated a clear reduction in cell density compared to the diluent control cells (Fig. 5e ). As shown earlier for biofilms grown without ethanol (Fig. 3c) , biofilms of the DspaP, DwapA, DspaP/DwapA and DspaP/Dsmu_63c/D wapA mutants grown in the presence of 0.1 % ethanol were substantially less dense than the WT (Fig. 5e) . Importantly, there were no differences observed for these mutants when biofilms were grown with or without 10 µM TA (Fig. 5e) , again indicating that P1 and WapA serve as TA targets since TA sensitivity is lost when genes encoding these amyloidforming proteins are deleted.
Amyloid inhibitors affecting biofilm development also inhibit fibrillization of C123 and AgA in vitro ThT uptake was significantly reduced when C123 was stirred in the presence of 10 or 100 µM TA, 50 or 200 µM EGCG, or 50 or 200 µM AA-861, compared to samples stirred in the absence of inhibitor (Fig. 6a) . ThT uptake was also significantly reduced when AgA was stirred in the presence of the same inhibitors compared to samples stirred without them (Fig. 6b) . Stirring C123 or AgA in the presence of parthenolide, which did not affect S. mutans biofilm production, did not affect ThT uptake by these proteins (Fig. 6a, b) . TA, EGCG, AA-861 or parthenolide alone did not affect ThT fluorescence in the absence of added protein (Fig. 6c) . The influence of the inhibitors of biofilm formation on amyloid fibrillization was also confirmed by TEM. When either purified C123 (Fig. 6d) or AgA (Fig. 6e) was stirred in the presence of parthenolide, there was no detectable effect on fibril formation. However, when these proteins were stirred in the presence of TA, we observed the accumulation of amorphous material instead of fibrillar amyloid aggregates. Inhibition of amyloid fibrillization by SMU_63c could not be tested in these assays because its amyloid formation occurs at low pH and in the absence of mechanical stirring.
DISCUSSION
Our previous studies have shown that the S. mutans P1 adhesin is an amyloid-forming protein [19] . Here, we expand those findings to show that the C123 fragment of P1 (antigen II) represents the amyloid-forming moiety. We also identify two additional amyloid-forming proteins, WapA and the heretofore-uncharacterized secreted protein SMU_63c. WapA, like P1, is a sortase substrate and is processed to generate AgA. Also similar to P1, this naturally occurring cleavage product is capable of amyloid fibrillization.
SMU_63c was previously annotated as an unknown hypothetical protein.
In this study, we have generated evidence that SMU_63c forms amyloid at low pH and acts as an apparent negative regulator of genetic competence and biofilm cell density. These functions need to be examined further to fully understand the mechanisms by which SMU_63c regulates competence and biofilm cell density.
In bacteria that produce functional amyloids, there is often one principal amyloid-forming protein, with other accessory proteins that aid in the production, secretion or nucleation of fibrillization [8] . S. mutans is different in that at least three unrelated proteins from the same organism have now been shown to produce amyloid, to be associated with fibrous ECM structures and to affect biofilm formation. It is not yet known whether these proteins interact with each other in vivo, whether they produce heterogeneous amyloids, or whether they produce amyloids in a sequential manner. The fact that WapA and P1, which function as adhesins during the initial stages of biofilm development, produce fragments that form amyloid better under neutral pH, while SMU_63c forms amyloid under acidic conditions, suggests that the prevailing environmental pH may act as an in vivo regulator of fibrillization of the different S. mutans proteins. Amyloid formation by the Bap protein of S. aureus has been reported to occur in response to acidic pH and low concentrations of calcium [10] . It was also shown recently that in S. aureus, eDNA triggers the conversion of PSMs to functional amyloids [51] . S. mutans also produces eDNA within biofilms [52] but its relationship to amyloid is not yet known in this organism. We have found both eDNA and cell-surface proteins, including P1, to be contained within S. mutans extracellular vesicles, whose content but not production is negatively impacted by the absence of sortase [52] . Thus another plausible mechanism, in addition to a potential nucleation event at the cell surface, exists to explain the observed negative impact of sortase deficiency on amyloid production within S. mutans biofilms [19, 52] .
The tertiary structure and cell surface architecture of P1 has been studied extensively [20, [36] [37] [38] [39] . Interestingly, C123, which we demonstrate herein to represent the amyloidforming portion of P1, also associates with covalently attached full-length P1 on the cell surface [39] . The crystal structure of WapA (also known as AIII) [53] is not yet known. It is known to bind collagen [54] , affect chain length and biofilm architecture [42] , promote dendritic cell maturation [55] and like P1 has been evaluated as a vaccine candidate [56] . In this study, we showed that a recombinant polypeptide corresponding to the naturally occurring processed form of WapA, AgA, [32, 33] is amyloidogenic. To our knowledge, it has not yet been established whether or how AgA may interact with covalently attached full-length WapA or other proteins on the cell surface. Our results show that both AgA and unprocessed WapA can be extracted from whole bacterial cells with SDS (Fig. S3a) . It is intriguing that both WapA and P1 are covalently attached by sortase to the cell wall in their full-length forms, and are also processed to generate truncated amyloidogenic fragments. It seems likely, therefore, that the truncated fragments of both P1 and WapA are responsible for the cellassociated amyloid observed in S. mutans, and that covalent linkage of the full-length proteins to the cell wall may be necessary to initiate nucleation of fibrillization. Such a mechanism may be more widespread than previously recognized. The Bap protein of S. aureus, which also contains a sortase recognition motif at its C-terminus, is also cleaved by an unknown mechanism, thus enabling its ability to form amyloid aggregates [10] . Hence our data support an emerging model in streptococcal and staphylococcal species of dual-function cell surface adhesins that, when cleaved, participate in the formation of an extracellular amyloid scaffolding matrix that is likely environmentally regulated [10, 57] .
Taken together, our results reveal a clear correlation between the inhibition of amyloid fibril formation and the inhibition of biofilm formation by S. mutans. TA, EGCG and AA-861 were effective at inhibiting S. mutans biofilm formation in vivo, as well as amyloid fibrillization of C123 and AgA in vitro. As expected, deletion mutants lacking the sucrose-independent adhesins P1 and/or WapA were impaired in biofilm formation during growth in glucose. Furthermore, these mutants demonstrated significantly diminished sensitivity to amyloid inhibitors when these compounds were used to impede biofilm development, while the same amyloid inhibitors prevented biofilm production in strains producing both P1 and WapA, suggesting that their adhesive function may be related to their capacity to form amyloid. Amyloid inhibitors were also effective when S. mutans biofilms were grown in sucrose, suggesting a functional cooperation of the amyloid forms of P1 and WapA with the adhesive extracellular glucans formed under these growth conditions. This is consistent with the emerging recognition of bacterial amyloid functioning in the context of a multi-component exopolysaccharide and eDNA-containing matrix [58] . S. mutans mutants lacking amyloidogenic proteins still formed biofilms when grown in BM-sucrose, although these strains were significantly less sensitive to inhibition by the small-molecule amyloid inhibitors, compared to WT cells. It is likely then that in the presence of sucrose, but in the absence of P1 and WapA, extracellular glucans mediate cell-cell and cell-substratum interactions to produce biofilms. When P1 and WapA are also present, and in their amyloid form, they can interact with those glucans to further stabilize and support robust biofilm production. When P1 and WapA are produced, but are prevented from fibrillization by amyloid inhibitors, only monomeric or small oliogomeric forms of the proteins would be present. These apparently do not participate in cooperative interactions with the glucans, and may even interfere with glucan function. This results in diminished biofilm accumulation of sucrose-grown cells treated with amyloid inhibitors. When P1 and/or WapA are completely absent due to gene deletion, amyloid inhibitors have a diminished impact on biofilm formation compared to untreated cells because their targets of activity are gone, and the glucans can mediate cell-cell and cell-substratum interactions unhindered by monomeric or oliogomeric P1 and WapA. It has been reported that EGCG disrupts the ability of P. aeruginosa Fap to form amyloid fibrils by stabilizing protein oligomers [59] . In addition, these authors found that treatment of P. aeruginosa biofilms with EGCG decreased the minimal bactericidal concentration of tobramycin, an effect that was amplified when fap genes were overexpressed. TA, a relatively non-toxic component of beverages such as tea, red wine and beer, has also been shown to inhibit biofilm formation by S. aureus via an increase in expression of the transglycosylase IsaA [17] , but it is not yet known whether it might also inhibit fibrillization of PSMs or Bap or other yet-to-be-identified amyloidogenic proteins in this organism. AA-861 and parthenolide were shown by Kolter and coworkers to be quite effective at inhibiting biofilm formation by B. subtilis, B. cereus and E. coli, as well as inhibiting fibrillization of B. subtilis TasA [14] . While AA-861 was an effective biofilm and amyloid inhibitor in S. mutans, parthenolide was not. This suggests some degree of specificity of bacterial amyloid formation that may enable directed targeting of certain bacteria. The identification of multiple amyloidogenic proteins that contribute to S. mutans biofilm formation makes this a highly suitable organism for the continued study and screening of antiamyloid and anti-biofilm compounds, and for further characterization of bacterial amyloids to elucidate their individual and collective functional activities and the factors that regulate their formation.
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